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‘ABSTRACT

A 3.8 cm. model jet is operated in a wind #unnel with crosé—flow
-in order to determine the effect~unljgt"nciééiradia@ed characteristics.
Such cross-flow noise experiments are:usefqi for V/STOL aircraft noise
preblems. In the course of the work.a method was developed for the
~determination of noise fadiéting charactérist}cs of sources within
reverberant wind tunnels. The_method empons cross-correlation measﬁrements.
The‘éveraging time in the cross~correlation is determined by the amount of
background noise within the wind tunnel. it is found that cross-flow |
Increases the radiated noise by 10 dB.' There was some indication of
directivity, i1.e., of‘fhe downstream radiation exceeding the sidellne

radiation.



1. INTRODUCTION

The ﬁroposad introduction of V/STOL aircraft has greatly intensified
.interest‘in ﬁoige reduction programs for ai;craft. In order to meet expected
government requlations it appears thaf'there mﬁst be a 10 to 15 dB noise
reduction for proposed airdraft configurations. If 1ift fans are to bé used
for the propulsion system this needed reduction poses very great problems.
Similarly other power plants would require appre;iable noise reduction to
‘meet-egpected standards. |In this report using modeling, we measure the
important noise cﬁéracteristics for such a_highrlift system. If has beeﬁ
-found in the past that for very-high Reynold's number flows (such as are
customary in applications).the modeling process is reliable, f.e., the
Reynold's number of thé modé! is sﬁfficiéntl§ large. |In connection with such
models; we make directional and spectral measurements of the radlated
sound as a function of certain impor;ant-parameters in the proposed con-
'figuratioﬁs; The static pressure f?ugtuatfons Qithin the flow are cross-
correlated with the radiated sound field.

The experiments were conducted using a 3.8 cm. diameter jet supplied
by air passing through a muffler (to eliminate upstream noise). The jet
was located in the Ames Research Center 7'x10° tunnel-and was placed with'ifs
flow perpendicular to the wind.tunne] flow. (See Fig. 1.) In addition, as
described in Appendix E, preliminary tests were conducted on a model jet
oriented parallel to the tunnel flow. The wind tunnel was operated at
relatively low flow speeds, up to Mach 0;2; thé jet was run at Mach 0.62.

The velocities employed yielded velocity ratios whfch are realistic for
transitional speeds experienced in VTOL operations. A statié pressure probe
consisting of a BeK 0,32 cm. microphone was ﬁlaced within the jet (to measure
the st#tic pressure fluctu;tions). A system of four far field microphones
was located within the wind tunnel. {The exper?menta] setup Is described

fully below.] Placing the experiment, of necessity, within the wind tunnel
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-means that various unﬁanted.noises are fntroduced in the data. These noises
-consist first. (and of primary importance) of the propag;tinﬁ hoise within the |
- wind tunnel itse}f. Second!y;'the expefiméntaf conf iguration fntroducés

self noises due to pressure fluctuations generated By'the local tﬁfbulence

of the‘f!ow;about the far field microphones. Furthermore, we éxpérience
reverberant effects within the wind.tunnel: Sound radiated by the Jet;‘placed
within tﬁe wind tunnel fiow, wiiil transmit not only directly tol*he far field

j microphones, but also by one.or'mqre refle;tions from the walls, to thé
ﬁicrOphbnes. These varipﬁs unwanted souhds'must_be'identif?ed and rémoved
from the.data in order to obtain vafid measuréments: This process was

accomplished primarily through the use of cross-correlation techniques, as

will be described below,



.2. THEORY OF NOI1SE PRODUCTION AND DATA PROCESSING

Meechém aﬁd Ribner ]73 have developed a ;heory for the production of
_ free-jet noise whefein the noise source is represented by the second time -
- derivatlive of the static bressure within the jet. In this theory the
sound fieid pressure is given by _ . , -_
plx,t) = ;'(4na-:)-.ijr-'i ﬁ(g,t-r/a,}'dg (1)
valid_for subsonic turbulent flows; it sh0u1d‘Le-emphasized that jets at
exit usually have flow speeds well below Machroﬁe.‘ Moving source and hot-
jet refraction effects are treated as separate problems using the sound
source (n as the basic (moving and refracting} source; a similar modeling
process is common to most theories of jet noise. In (1) p{x,t) is the sound
field pressure observed at a ﬁosi;ion Evoutéide the turbulent flufd at a time
t, a, is the speed of sound in the external megium,and Po is the statle
pressure measured within the turbulent jet at Y3 ='}§_* x;l. The sourcé is
to be integrated over that volume V in which the static préssure greatly
exceeds the acoustic préssure. Ordinérily this source reg?oﬁ extends out to
but a diameter or two from the axis 6f the turbulent jét. For subsonic flows
we know that Po is approximately equal to the pressure which would be found In
an incompressibté, turbulent flow. Heré the Eﬁ is the second time‘derivative.
A Iafge number of turbulent jet noise experiments have been performed
by the authors and by others wheréin the distant sound field préssﬁré is
cross-correlated with the static pressure (po) within thé jet.l*'7 A relation
between this correlation and the éoundrfieid intensity is obtained by

multiplying (1) by p and averaging, L .
<piix, 0> = - f«nafj‘j’r <PULEY P (4, b- 5 )> dy (2)
L

is the air density).

 (the sound intensity is <p2>-fpoao‘Where;%



2> be the fraction of that quantity (proportional to the

~Now .fet D<p
:sound field intensity) which arises from the eddy of volume Dy centered

- at.y, and we have
) i

Dy = - Gama¥) <PGaDE (3,t-/g)> Dy (3)
'In' many applications it is not pfact-ica! to differentiate tﬁe static

‘ pressﬁre as measured within the jet. | l;: is possible to esti‘mate the effeét

of this derivative by measur-in-g the peak. frequency of 'l;he spectrum of Py

let ;hat (angular) frequency be @,. Then (3) becomes approximately,

. N o '
D-c.p‘? = - (4-#&?")_ co:‘«:Fq_,t) g{g,,t-*‘/an}> D_} ' (4)

Many times we are inferested in the sound directivity (of the eddy of
volume Dy centered at z) when the far field microphones in different
dfrections may be different distances, r, from the source position. fo
make such a comparison the eguation (&) should be multiplied by 2 where
r is the distance from the source-eddy bosit?on to the far f}e]d position
| at the particular angular position in question; then ratios may be taken to
determine thé directivity of the soﬁrce-eddy;

There is a simpler and alternative view df the measurement: process
which we nowldescribe. Consider thé cross correlation given In (&), the
quantity which we most frequeatly measure; it is of course the cross |
correlation of the sound pressure measufed at the far field position, X,
~with the static pressure measured within the Jjet at the positipn Y, with

r the distance between these two positions. We have the relation

C < Pax,bY B (y,t-"a,) >, . ()

¥
(D2g*>) = ]

primes Indicate RMS values. The constant € is of order unity--it is
discussed In Appendix A. Here<>, refers to the maximum of‘the absolute
value of the correlétion (see 'Fig. 2Y, D < p2 > is the part of p2

which comes from the eddy of wolume Dy , centered at y . In wdrds, a cross

correlation such as «<p py>is proportional to the product of the RMS values



of the variaglés, i.e.,_séund field pressure and the static pfessure.
- Fortunately the constant will vary ifttlé from situation to sithatioﬁ, S0
that for fhe determination of rela;ivé values wa need not consider‘it.

We can use relation (5) fo detérﬁiné~the relativé sizes of sound field
intensities radiated from given jet positions‘af g!véﬁ flow speeds. This
we do In the data treatmént ofrtﬁose measurements which we have made in the
wind tunnel. We-can obtain ovérall-sound intensities (what woﬁld be measured
in the same experiment performed in an anéchoig ropm) by adding up (Integrating)
the contributions from fhé major'contribﬁting ed&fés, using the relation (5).
It Is understood that (5) is to be interpreted as the fraction of thé overalf
intensity radiated from the eddy located at the position of the pfessure
prbbe measuring.po._ |

An example of tHe processas may Se useful. A sketch of a typical
correlation measurement is shown in Fig. 2;, plotted against a time delayr
{recatling that r is the distance from the source-eddy to the far field
~m§crophones).' Here r]-and ry, are the'disténces travé]iéd by the first and
second wal?IreFIections in going from the sourcé-éddy or probe, position
to the far fileld positicﬁ. The réflected corrélation pﬁlsés can be seen
(more or less as théy aré found experihental]y); they will be Separatéd
from the first arrival--sound travelling directly from the source position
to the far field position--so long as the far field probe is more than a
wavelength from the nearest wall of the tunnel. The Important measurement
_Is the maximum of the correlation function, obtained in this description
by taking the value of the-function at the origin. The 'noise' evident
in the sketch is composed, depending on tast ccndition, of:

a) Wind tunnel noise
b) Flow self-noise at the microphone

c) Higher order reflections of jet noise from the tunnel walls



A1l of these noises are uncorrelated (for small values 6f r) with thé main
-pulse from the jet--which is what we';sra.nt to measure.

The.ques;ion of the §ignal-to+noise in thesé correlations, deserves
further discussion; it can be improved by taking longer averaging timésl
‘in the construction of the co?relations. 'If the averaging time is T, then
the siénal-to-noise is proportional to {ff-. To improve the ratio by a
factor of 2 we must avefage # times as fong, etc. In our aéplications;
to be described.below, our signal was not always aS'iarge, compared with
the_noiée, as deslrable; within thé-scopé of fhe present contract we were

“%not able to average the corrglations over sufficient time to make it so.
For the measurements.reporfed here, taken mainlyfwith?n the 7'x10' wind
tunnel, the main noise encountered was a set of relatively pure notes
originating within the tunne!? these noisés may have been whistles, which
we were unable to remove within the scope of this work. However we conclude
that in future work it would probably be possible to }émove these unwanted
sounds;‘ that should be done for further acoustic applications within the
tunnel. Without these sounds our signal to noise would have been significantly
improved. | |

tn ear1ier<reports.on this contract, we have described another method
for the measurement of sound intensity and directivity withip a wind
tunnel. Because of the a]reaﬁy mentiéned high noise background wlthfn the
tunnel; we were unable to employ this method for tﬁis work, For future

reference this approach is described in Appendix B.



‘3. PERPENDICULAR JET

The main emphasis of thls study was to |dentlfy the major noise generating
‘féésons ‘when' a model jet is subJected to a cross- flow. The following
section describes the experiment and the results when .a model jet islﬁriented
normal to the flow, in a wind tunnel. R |
3.1 Experiment . | , | "

‘A circular jet was aligned‘SU0 to the flow of the 7'x10' wind tunnel
at NASA Ames Research Center. Theijet.nozzle had a diameter of 3.8 ém.
The jet exhausted from an airfoil. The basic test geometry lIs shown in Fig.23.
It ﬁonsisté of four far field microphones (BEK 1.3 ¢m.) condenser transducers
equipped with nose cones. These mitFOphones-Qere located 40 jet diameters
from the jet exit at 30o and 50° on either side of the static jet centerline.
The static jet centerline refers to the centerline of the jet when'there is
zero flow in the wind tunnel. The mode! fet and the four far fleld microphonesr
weré located on the centerline of the wind tunnel. | |

A pressure probe (BSK 0.32 cm. condenser.microphone with nose cone)
was employed to measure and record the static pressufe fiuctuation within
the turbulent volume of the jet; .- e

The muffler described in Appendix D was used to insure that the noise
generated by the jet was aercdynamic nolse.

The model jet was operatedlat one constant speed, Mach 0.62, while
the wind tunnel speed was varied. As in the case of the parallel jef the

following tunnel conditions were employed:

a. Static case, no flow, Q (dynamic.pressure) eqqal zZero reSulting in a
velocity ratio (VDO/VJ) equal zero.
b. Q equal 19 (38.4 m/sec) for a velocity ratio of 0.18.

c. Q equal 47 (60.4 m/sec) for & velocity ratio of 0.28.

*



in th;_presenCe of'flow in the,tunne!,_the‘plume of the jet wil] bend
‘in'fhé-direction-of the flow. from the worﬁ;bf R.J. Margason7 the jet
-centerline was célculated for the ahove two velocity ratios. Thesé ére
plotted .in éig. 3

ln'order.té compare the results of the experiment, for the two velocity )
ratios -{0.18 and 0.28); with-the static case, it was necessary that fhe
pressure probe always be 1ocated wEth respéct to the centerline of the model
jet; further the-probe axis was nmde parai1e1.to this jet axjs. For example
if for the static case the probe was focated'atAX/D equals 5.5 and Y/D and:
.ZID, then fbr a véIocfty ratio of 0.18 the probe would have to be located
'at‘xlb équals75.3, Y/D equals zero,!and Z/ﬁlequals 1.2 with the probe
aligned at 34° with respect to the static centerline. The coordihate
. system employed for the static pressure probe is shown in Fig. 4, where the
ﬁ-axis initially coincides with the jet static centerline;&is the angle
between this line and a line tangent to the‘benf jet centerline at a
particular pofn-on the bent line. Theréfore thé angledis continuousl?
“changing and eventually downstream reacﬁes a“value of.90°, when the wake
is parallel to the tunnel flow. Tﬁe.coordinaté axis R.in ?Ig. k4 is a line
in the X—Z plane which is at right angles to thé bent jet centerline.

"The velocity profiles at the modeltjet exit for the static case‘are
shown in Fig. 5 for both-the Y and Z axes. .Tﬁe_profiles show the usual

top-hat characteristics with good symmetry on either side of the centerlinea

The experiment consisted of mapping the static pressure fluctuations
on the Y and R axes fér two centerline positions (measured along the bent
centerline), recording the static-pressure fluctuation signals at six pressure probe
positions and at the four far field positions; all for the three different

wind tunnel speeds previously described.



aS;ZuAnalxsis f

‘The -data analyﬁis'cqnsiste& of plofting tﬁe static pressﬁre‘flugfuafio&
contour, doing narrow band (50 Hz) frequency analyses of the fecorded
:signais, and ;alcufating'the cross-corfelatidn functions between the various
probe -positions and the four far field mfcrophone positions., A block di;gram

of’the'equlpment used in the analysis is shown in Fig. 6. - .

3.2.1 Staf?& Pressure Fluctuation Profiles

The static pressure fluctuation profiles, for the static case (wind
tunnel Q = 0) are shown in Fig. 7. For XM equal 2.5 the pressure rises
:from the centerline (Y/D = 0) to a maximum .in the shear region (Y/D = 0.4
to 0.5). From this point the pressure rapidly drops off since the sheér
regioﬁ here is quite thin. The jet sbreads slowly here; the 10% velocif& ;
line is on]y 0.75 D from the centerlinef

At X/D equal 5.5 the difference between the centerline pressure
and theqmaximum (shear layer) ﬁfessure is only about 1.5 to 2 BB cémpared
to 5 to 6-&8 for X/D = 2.5. In addition; the peak is much broader and-
has moved closer to the centerline.' The fall off is much sjbwer than
that seen in tﬁe region of strong shear giving an indication of how thé
wake is spreading. For X/D equals 7.5 there no longer exists a shear-peak
but rather we see a broad constant pressure area whicﬁ stretches from the
centerline to approximately Y/D égual§f2/3._ The fall of f outside this
region is even slower than that experienced.at X/D =5.5, {as the jet
continues to spread). |

The curves in Fig. 8 show the static preséure fluctuaﬁion contours
for a velocity ratio of 0.18. The probe position is equivalent to X/D
equal 2.5 for the static case. It fs interesting to note that there no
- longer exists a well defined preésure peak in the vicinity of Y/D equal

0.45 but rather there is fairly constant pressure area from the centerline to

_9_



Y/D equals 1.0,ugiving an indication -that thé so-called sﬁéar region (for
Elack of a better term) has become-more significant espeéially when one
takes into consideration the fact thaf'the pressure ieve?s héﬁe increased
‘bygapbroximately 6 dB over ‘the static case. Forithé R axis the preﬁ#ure
levelg:drop off more rapidly, -this position being 180° from the point where
the tunnel-flgw makes initial contact with the jet. Still the drop-off
.is much slower than for the static é&se. o

Fig. 9 shows the static pressure profiles for- the centerline p05|t|on
-equ:valent to X/D equals 5.5 (for the static case) for a veloctty ratlo
of 0.18. The peak levels are comparable to those-measured for the static |
case but the fall-off is significantly slowef; for 9xampTe for Y/D.equal
1.25, the static case gives a value dfllhz dB while this cufvé shows slightly
higher than 150 dB. The contours for the Y and R axes are.very nearly
- symmetrical. Although the changés are not as drastic as that experienced
in the so-called shear region, there fs_a definite incfease.in the size of
the mixing region, due to the interaction'ﬁetween the jet and the free
stream (tunnel flow).
| Corresponding curves for a velocity ratio df 0.28 are shown in Figs. 10
and 11. Again there is a remarkable increase in activity ‘in the shear region:
The peék.leVel in this region is sfightly h?gher'than those experienced fbr
a velocity ratio of 0.18, but the curve for the Y axis Fai!s of f slightly
faster for the highér veloéity ratio, while on the other hand the R-axis
falls off more slowly. At the positidn equivalent to approximately X/D
equal 5.5 (Fig. ll) the levels are approximately 5 dB lower than those
measured for. the velocity ratio of 0.18, with the fall off being nearly the
same.

Overall there does not seem to be a significant difference LetWeen a
-velocity ratio of 0.18 and of 0.28. However, there is a significant

difference in the shear region structure when going from the static case

_IO_



to either of -the two velocity ratios. This is.very noticeable in Fig. 12
- where fhe static pressure fluctuation contours have been plotted (along

the Y-axis) for the shear region of the jet, for all three wind tunnel
-conditions; - We seelthere an increase of 7 to 10 dB within the shear layer

for either cross-flow with 10 d8 applying over most of the range. Using.an

8th power velocity law for the sound field intensity {a Lth power pressure

1aw) weldeduce that there would be an fncréase of from 14 to 20 dB iﬁ the

sound radiated from the shear layer with cross-flow. The corresponding changes -
in the mixing region; see Figs; 7, 9, and 11, are a few dB. .The 14 - 20 dB’
fchange for the shear layer is consistent with the éross-corré!ation measuremerits
discussed below, at least for the jargest incréase in cross-correlations found
there; One has to integrate the effect of the sound sources throughout the
shear and mixing regions in order to obtain the change in over-all soﬁnd levels.
Thus - the overall change is expected to be less than the maximum 14 - 20 dB
effect deduced here.

The directivity of the sound radiated by ﬁhe Jjet In wind~tunnel qrbés—

flow has proved td be a particularly difficﬁlt‘measurement problem. The data
obtained in these experiments would requiré more processing in order to yier.
réally reliable results. Nevertheless, we can make some deductions concerning
such sound directivity. First, referring to Fig. 3, it is seen that with either
one of the cross~flows, all of our far field microphones lie on one side of

the jet. They range from largest angles at microphone 1 to smallest at
microphone 4. For maximum directivity effects withrf1ow compare the results

for those microphones. Looking then to the higher cross-flow speed for the
shear regions in Figs. 17 and 18 (the errors shown there by flags) we note

that there is little directivity effect for eddies within the shear lafer.
{There is a possible 5 dB effect-;greater sound déwnstream-~shown in Fig. 17.) -
Thus the shear region appears to radiate more or less isotropicafiy. it is

seen that all of these levels are, within experimental error, ébout {relative)

25 dB. Turning now to Figs. 19 and 20 for the mixing region (X/D = 5.5) we
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asee, comparing positlons 1 and 4 that we mlght deduce up toa 5 dB decrease
as the angle of observation is increased.  This compares favorebly with the
resuits“for a jet located at an anechoic room where the mixing region
dominates.  However, note again that with Cross= ~flow the shear reglon, perhaps
Isotropic, domlnates ‘the sound from the mixing region, reducing the effect of
mixing region directivity. - Thus-~but subject, at this stage to experimental
error--ﬁe may conclude a directivity effect of no more than 5 eB,:where the
jet in cross~flow radiates more sound downstream than it does upstream. The
- corresponding determination in Ref. 9 seems soﬁewhat ambfguous.
3.2.2.' Frequency Analysis
_As previously shown, the part of the jet-wifh the greatest increase in
activity due to cross-flow is the shear region. The nmarrow band (50 Hz)
frequency spectra for the static pressure fluctuations in this shear region‘
are shown in Fig. 13, for the different wind tunnel conditions. The pressere
probe was placed at a position equivelent to the static case (Q = 0) for
X/D = 2.5, Y/D=+ 0.5 and 2/D = 0., The spectrum For the static case shows
a peak in the vicinity of 3200 Hz with a5 dg drop per octave up to 8 kHz,
where the spectrum begins to flatten out. Most of the energy for this case
is In the frequency region of 1 kHz to 6 kHz.  With the wind tunnel operating
3t @ Q=19 (Voo/V; = 0.18) there is approximately an 11 dB Increase in the
peak pressure whicﬁ is near 2500 Hz. Beyond this peak the fall off is much
faster with most of the energy lying between 1 and 4 kHz. From 15 kHz to 20
kHz there is essentially no difference between this case and the static case.
As the velocity ratio is increased to 0.28 there ie very little difference
in the magnitude of the peak pressure, but this preak is shifted to a slightly
highec frequency, approximately 3 kHz. The fall cff is elightly slower than for
the case Q = 19 up to 12 kHz where the two curves merge. A similar analysis'
was done fer the pressure prebe positioned in the mixing region (in the vicinity
of the end of the potential cone) of the.jet. For these positions the frequency

spectra peaked out at 0.5 to 1 kHz.
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'-'TheﬂfquUEHCY-analysis for far field microphone #3 fs shown in Flg. f&. The
far field curve for the static ﬁase shoﬁs a peak at approximate?y.l kHz. This
reflects {as mentiored above). the dominant frequency for the static pressure-
fluctuation ﬁrobe when"placed-near.the botential cone of the jet wake, near phe
jet axis. ‘This region, the mixing regior of the jet, is known from previous
experiments to be the major sound_cohtributofy to-far field pdsi;ions,
at smail angies fo the jet axis. When cra#s—f!cw'?s inserted thare is a sharp
Increase in the overall sound level measuréd‘at this position, even when the
~peaks due to the tunnel noise are ignored. The differénces in levels, ignoring
these peaks is approximately 10 dB for tﬁe entire spectrum, compared with_
the stafic case for a veldéity ratiolof 0.18; and slightly higher for a
-velocity ratio of 0.28. This gives one determinafion of jet noise incféase
-due to cross-flow. Above 10 kHz there:igfa marked difference Eetween the
two velocity ratios; the frequency spectrum fbr 0.28 does not fall off as
rapidly as that for’O.iB, ‘This is in part due to the background tunnel
noise which is greater at high frequéncies for_Q = 47 that for Q-=.19. An
interesting aspect 6F these curves is that the peak ffequency of the spectra
for the velocities, again Ignoring those éeaks due to tﬁnne? noise, have
"shifted to higﬁer frequencieslthan for the static case. For Voo/vj equal
0.18 and 0.28 the peaks are nnear 2 kHz. This can be assumed to be a
direct result of the increase activity which occurs in the shear region due
_to the cross-flow interaction with the jet wake. This region now becomes
the dominant sound generating region. The spectra for thé other three far-
field microphone positions were alsd made and showed essentially ident?cél
éﬁaractefistics te the graph in Fig. 4. This is partly due to the semi-
reverberation environment of the wind tunnel.

This increase in frequency for the shear region as compared with that
for the mixing region, is supported by other work., In that work a relatively
slow jet is disturbed by high intensity sound fields producéd at various

frequencies. It is found that the maximum instability within the shear layer'
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occurred for a Strouhal number of 1.77 (see Fig. 10 of Ref. 10). If we compare
this with the!typical Strouhal number for the mixing region, 0.3, one obtains
a ratio of approfimately 6-1 for the crftica! frequencies for these two.regions,
-agreaing qua!itatiﬁe?y with oﬁr observations of ;he acfual'static pressure
fluctuatlons. Because of the increased Importance of the shear layer in
cross-flow sound-radiation, this has the effect of increasing the Frequenéy of
. the spectrum max i mum for the radiated sound under cross-flow conditions. This.
frequency shift can be seen in Flg. 15. There for a flow ratio of 0,]8 one
- deduces that the spectral maximum has shifted to higher values, near 2 kHz,
as comﬁared with the somewhat lower frequency maximum for no cross~flow.
Incldentally some of the difficu1t|es experlenced in using the- overal? sound
pressure IeVeIs within the wind tunnel, to determine radiating characteristics
of sources located there, are clear in Fig. 15, There is an obvious interference
effect at the lower frequencies; these |nterFerence effects reach up to about
2 khz unfortunately a reglon of particular tnterest for these experiments.

The background tunnel noise for the two tunnel speeds used here Is
shown in Figs. 15 and 16 (microphone position#B). ‘For comparison these
graphs include the spectra of the total radiated sound when the jet is operated
in cross-flow. Except in the vicinity of the sharp peaks the total radiated
sound is well above the tﬁnnél background noise, The.peaks at about one and
two kHz in Figs. 14 ~ 16 are perhaps caused by some tyﬁe of whisfle created by
the flow interaction with some artifact in the tunnel {e.g., hole, strut, etc.).
The frequencies of-these peaks are proportional to the velocity of the wind
tunnel. Incidéntally the tunnel background noisé, for the other far-field
positions, was egséntially the same. |
3.2.3 Cross-correlation Measurements

Raw cross-correlation functions (as opposed to normalized ones) were
taken between the four|far field microphones and_the static pressure-ffuctuation'
probe (placed at vérious jet positions). The cross-correlation function times

r? and normalized by the r.m.s. value of the static pressure fluctuations,
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':as.descrfbed in Section 2, are plotted-against Ve!oeity ratios in Figs. 17 through
20 for the six pressure probe positﬁonsjreéor&ed. The dB values are referenced
‘to an arbitrary number. and are used to give relat!ve values. It should also

‘be - understood that the curves are éerlved hut from three points.: The error

flags on these curves are calculate& from_the noise found on the cross- -
correlationlfunctions. Since a finﬁte-averaging tfme is employed in the

. exists a noise

lculation.of the

s thers
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f!uctuatlon riding on the function itself which glves the uncertainty in the .
-true value of the cross-correlation funct:on. The,lower the cros;-correlation,
the_higher is the uncertainty. From the graphs of the cross-éorrelétion _
functions, the amplitude of the noise FlucpuatiOns was measured ana used ‘to
calculate the magnitude of the error f?aés.

.As preViOus1y méntioned, *n order to méke a valid comparison for the three
velocity ratios employed it was necessary that thé pressure probe be positfon--
located -with respect to (and aligned parailel to) the cemterline of the jet
wake. The probe positions chosen for the wind tunne! operéting at a parficufar
Q are equivajent to the positions stated in théSe‘plots for the static case.

" Information concerning the effect o# cross-flow upon the dominant noise-
sﬁurce regions can be obtained from Figs. 17 ~ 20. Additionally, we can
deduce some information from these figures concerning the overall sound
pressure levels. It is recalled that the Aata presented in these figures are
obtai;ed from cross correlation meaﬁwrements; thus the far field intensitles
indicated there are relative values ahd the sounds being registered arise from
fhe single eddy at the staticrpressure proberosition. The typical eddy Técated
within the shear region (X/D = 2.5 and 0:5 D off axis) radiates considerably
more sound as the tunnel flow speed is increased from zero to the maximum
value used here (Voolvj = 0.28); The intensity of the sound radiated from that
region (within the shear flow) increases by 10 to 20 dB for the range of V_

as seen from Figs. 17 and 18. On the other hand, the corresponding eddy located

within the mixing region, at the distance X/D = 5.5, shows substantially no
:_]S_



‘;hangé in ra&iating characteristics as the cross~flow speed is {nérease&. Thus,
for cross-flow we conclude that.the éhear region becomés a much more Important
radiating region (compared‘with the'mlxing :zone) than is the case for the
same jet without such flow. In order to determine the overall éound radiated
by the jet within cross*flow, using correlations, it is necessary to add up
the contributlions of all such radlafing regions for the whole jet. We expect
the overall effect to be some average bgtween no effedf, which occurs for-

the mixing region, and possibly Id ;-20 dB, the fncrease caused by cross-flow
'for.thé shear.!ayer. An overall increase of approximately 10 63 is consistent
withrthese findings and bears out the ﬁﬁnclusion frbm the levels heasured
within the wind tunnel itself.

When the pressure probe is moved out“bf the plane of the jet center!iné
and af thé far field microphonés, Fig. 20, the sound radiated from that'eddy
position shows essentially no change for far field posifions #1, #2, and #3,
for different velocity ratios. Far field position #4 does show an incréase of
approximately 10 dB when goiﬁg from the static case of Q = 19. Increasing the
velocity ratio results in no definite trend for this position.

‘The results of these ﬁross-corre!ation measurements shows that ther
increase in activity of the shear region is mainly respénsible for the
additional sound generated when a jet is sub}ectéd to a cross-flow and that

the sound increases by up to 10 dB due to this cross-flow.
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L, CONCLUSIONS AND RECOMMENDATIONS:

- "The primary. purpose of thfs work was to determine the effect on sound
levels when a jet is immersed in a cross4flow.; A secondary purpose has been
to dEVEFOp, in a preliminary way, a meaguremént process employing'correlation .
techniques, which could be used in a reverberaﬁt wind tunnel environment.

Cross-flow on a jet has been found here to cause a 10 dB increase in
the radiated sound. This Increase was essentially the same for the t@o
tunneljspeeds. This s determined.in several different Ways.' Ffrst, this
was done using the overall sound levels as measured within the Qind tunnel.
The sound levels measured within the wind tunnel include reﬁerberant effects
f.e., reflections %rom the tunne1.wafls. One expects the reflections to be
proportional to the strength of the rédiating source so that relative values
can be significant for these testg; provided that the Jet noise exceeds
tunnei.backgroﬁnd. Other workersghaQe found a 6 dB increase in levels as
a result of cross-flow, in the 40'x80' wind tunnel. The retative comparisons
probably were approximately valid thgrelalso. The smaller change observed
in that work may have been due to the high background noise in the large
tunnel. In our tests the tunnel background was well below the jet noise,
except for the pure tones already discussed.

We saw from the cross-correlation ﬁeasurements made on the‘jet in
cross-flow, that for :éound radisted from the shear region there was an
increase of from 10 to 20 dB; the sound radiated from the mixing region
was not much affected by the cross flow according to these measurements.
 Furthermore the increase in sound was not much dependent upbn ﬁhich of
the two tunnel speeds was employed, again indicating that fhe noise increase
in cross flow may not be critically dependenf upon the cross flow speed. |

There is another way in which we got some information concerning the

effect of cross-flow on jet noise characteristics. We saw that the static
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'bressure fluétuat?ons inﬁreased By from f t6 10 dB in thershear layer for

the jet with cross flow {and that thi§ increase did hot depend upon which .

of the two tﬁnnel speeds was being used). Using tﬁe baﬁfc préssure source
theﬁry this lfeads to a predicted fncrease of 14 to 20 dB for jet with cross-flow
flow. (There was little increase of static preésure fluctuation within the
‘mixing regions of thé jet.) These increases are consistent with those discussed
above, -

Tb:robtain information about thé effect of crosé*fioﬁ on jet noise
dirEctIvity,‘we compare microphones 1 and 4 under cross-flow conditions.
Using cross-;orrelation_measurements_it was seen that there was little
directivltyreffect for the (dominaﬁf} shear region sources; forlthe mixing
regions we saw an effect of up to 5 dB, comparéble to the effect found using
jets in an anechoic room._. _ N

dt-was found that the peak of the spectrum of the sound radiated by the
jet with cross-flow shifted upward by as much as a factor of 5. This is
attributed to the dominant effect of ﬁhe higher-frequency shear layer source
regions as a result of cross=flow influences.

Finally, a comment concerning the correIatidn measurement Ffechnique:
The difficulties éxperienced'in-making sound level measurements within
reverberant wind tunnels are sutficliently displayed within this report.

The correlation measurement process has the advantage that it can eliminate
background noses and unwanted reflection noise. However, the smaller the
signal to noise (referring to the diréctly radiated sound as the signal

ahd all other scunds whether reflections or otherwise as noise) then the
greatér the averaging time needed in order to obtain a valid correlation.

Man? of our measurements could have been improved (if the scope of

MY

the work had permitted) by such increased averaging times. It is recommended

that this method be pursued in the future; the averaging-time increases

L
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required are not large: Frequently a factor ot three would suffice.v There Is
every Indication that the method can be fruitful in deducing anechoic-type

results from the data one actually obtains in wind tunnels,
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TABLE 1-C

Corrected Normalized Cross-correlation Values for ?'x 10°
Wind Tunnel Measurements.

Probe & Source Uncorrected Corrected c(x,z) Error
Mic # Orientation c(x,7T) e{x,7) Anechoic %
Tunnel Tunnel Chamber
1 vertical » 537 1.011 . 892 +13.4
1 canted . 599 1.084 . 848 +27.8
2 Can‘ted -‘LI'O? . l817 | ) -820 -OIZI'
4 vertical . 599 1,034 . 885 +16.9
I canted <430 . 902 .873 +3.3
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" APPENDIX A. REMARKS ON THE CONSTANT C (N EQ. (5).

".Begin by squaring {(5): then substitute from (1} in (3) and in
(the square of) (5) to find _ '
Ao |<E e
c

e o (A1)

‘where we assume Fof the correlation in (5) that the maximum value oﬁcurs

for 7= 0. We suppose that the various correlation volumes are approximately
equal. The process Pg 15 statist'icla]]y stationary so we find <i5° P, > = -<$5:>
~.and (A1) can be written | |

¢ = &8 | (A2)

'Ey differentiating Py it would appear fhat (A2) would yield a simple method
to determine C. Unfortunately the static pressure has errofs in-it at higher
.freﬁuency. Two which cén be named are the following. First, the fact '
that turbulent Ffow is being convected bgst the pfobe means that part of the
‘time vari;tion in Py I8 due-to thislconvectiﬁﬁ: That parF of the time
variation would not be observed in a‘system maving with the.mean-flow—-what
is really desired for (1) (see discussion after (1)). Secondly for the
highér frequency portions of Po there is éomg'reason to believe that the
prbpagating sound is an important contfibuting element. As described in the
theory sectfon (and in associated references) Py shoufd be that portion of
the static pressure which is 'hydrodynamicf, E.é., whfch would occur if the
fluid were truly incompressible. For the important fréquency compenents in
Po there is no difficulty on this question. The difficulties just described
do not in general permit a sensible determination of the RMS vélués of
derivatives, such as those required for the expression {A2). It is hoped

that in the future these difficulties can be overcome.



APPENDIX B. . ELIMINATION OF REVERBERANT EFFECTS, FROM NORMALIZED CORRELATIONS.

The 7'x10' wind tunnel acts like é semi-reverberant'chamber and therefore
it Is necessary to use a correction factof in -order to simulate an experiment
being conducted in a free'field environment. In particular when normalizing
the cross correlations the effects of reflections (ahd other non-correlated
noises) enteEAinfo the normalization process.

In thé pregent experiment we are concerned witﬁ'calcuiating the

-normalized crbss-corrélation between the output of the static-pressure

probe microphone and that of the far field microphoné. Recall that a

~ prime represents an RMS vafue. Uée the standard.definifion of a normalized

.correlation, ‘ | _ ‘

e(r,r) = <PRP> | (81)

R P’ | | '

‘Qhere pb is the pressure signal seén at the probe microphone and p is the

- signal sensed at a particular far fieid position. Herevris the distance

from the probe to the far-fie]d position and 7 Is the time deiéy in the

correlation. When operating in the 7'xlﬁ‘ wind funnel p consists of-not

only the direct signal from the source but also the reverberant field,

those signals which initially were propagated In different directions but

dqe to reflections were sensed at the far field microphone position. fn

addition p contains the tunnel background noise. We have
P o= B ¥ % YWav e 8, *Bus*h | - (82)

where p , Is the pressure due to the direct signal and the other terms

Pol? Po2 etc. are the varlious reflections, numbered chronologfcally. For
higher order reflections, the reflections in the correlations are no longer
. discrete and of course become smaller and lost in the noise; we Tump those
signals together and call their sum Pok.0. - The uncorfelated (with the.

jet noise) background noise, including local noise effects caused by turbulence

8-1



.at the.mi;roﬁhcne, is called py. Using (82), £B1) can be written
<PP> = (4-?017“':» KPP > + vea+ KPP > +<P P.u.o?)/? 'F' (83)
.?.I P' | & e :
recal ling that p, and py are independent. So we should observe n+l peaks
with n the number of separately discernible reflections. For p' use (B2),
‘square and average,

Fl -3 B )% 2 o : : n
Pa = P, +* P +...+P,  + ?a“_o‘ + P, (BL)

4 €ross terwms

All crosg‘termﬁ like _
< Pog P > . o (85)

vanish because the tunnel background noise is statiﬁticalfy.independent

of the jét noise. Further the first n reflections contained in the

cofrelation are.by.hypothesié separated from one andther so their cross’

terms vanish: Hence all the cross terms in (B4} vanish,

Now we iook.at a particular time.dealy {r) In the cross-correlation
process, for examp!é that time -r equal t§ the fime required for the sfgnal
t; propagate directly from the probe micro§h¢ne to the far fieid microphone.
All of the cross-correlations repreSenfed in (83) Qanish except one and
we have, usiﬁg (B4) and néglecting cross terms, . '
. X .

ele,r) = -:P,P“':»/(P:*-... +\=‘::'_+ _p:;_+?;2) * P.,? (86)

If the same experiment wefe being conducted in a free field environment,

e.g. an anechoic room, the ''correct" normalizéd cross-correlation functibn,

Ce would be

e (r, 1) = <RR.>/ R (87)
We must mulfip!y {B6) by a correction factor, K, in order to obtain (B7).
Before doing this we examine thé higher order reflection terms and the
effects of acoustic losses.

| - To calculate K we use sourcé ‘images In fhe tunnel walls to replace

reflections. The mean square sum of relfections is
. ~QVom -t(A+B)

- - %
DZL.P“ ot © (58)

B-2



- ‘where
Foo= distance from real source to far field microphone.
Fop= distance from image source to far field microphone.

D =.average source d|recth|ty constant (would be equal to one for
a true simple source).

L

'.AEB=‘cross—sectional-dimensions of wind tunnel.

" @w average absorption coefficient of wind tunneI walls for the acoustic
reflectlons.

-Expanding the summation and dividing'(BS) by Pyo » we have

. % . S
?%"‘ . Rge Pl Sl Dan “' El @a.T, -
va ce yz (A+B) (BS)
where E is an exponential integral, . _
clEal | = dx_ . N (810)
Y (A+8) a,T,., X
% (A+R) ‘

' The ambient speed of sound is defined as ag and T is the time delay
required for the signal from the furthest image (reflection) which can

be identifled in the cross-correlation data. Therefore agTn is the
distance from that fmage source to the far field microphone. The Integral
approximates the effects éf the signals from the imagélsources which are
nbt clearly idéntifiabie in the cross-correlation data. Therefore the

correction factor to be applied to (B6) to obtain (B7)

]

P° ° P':.‘l . AB
The values p;n/péo for the image sources which are ldentifiable from

1]3& (811)

] — L
K_:“,P,; b+ Pae b 2m Yo E{aaT &(A+a))+P,,

the cfo%s-correlation data can be approximated by the ratio of the values -
of the cross-corre!ations (normalized) of the particular peaks.

The average source directivity constant is calculated from the
anechoic source directivity if avail#ble; if not it must be estimated

from other data.
L.

D o= W ,,ff Fou (8,9)  sing df dP (812)
| ¢ RS0
The average absorption coefficient @ used in the ca}culation of K was

B-3



.02, obtained from mea.sur.ce:rm'ent:sH!:»ﬁ"’-= reflection losses as reported in
standard references.

Using -this correction téchniqae---a-hwnber of éfoss-correlation-measureme-nt's.
-made In the 7'x10' .wind tunnel were. g:ofrected; the tunnel was off so p; = 0. -
The l;esults of this correction precess are shown in Tablel-D, where the .
corrected values for the wind tumé*l?'mgasuré!nEnts are compared to similar
measurements made in an: anecheic rﬁamber.,l The resﬁ'lt'sshow good agreemen‘t
for the two sets of measurements, except for fhe_ case of microphone #1 when _
the Sburce is 'caﬁtéd. in thi.s orientation the soﬁrce is pointing directly
‘a‘t microphone #1. |

In actual aPPTication.s the wiind tunnel would of course be. operatihg
s0 that one--wou-ld- h.ave to deiéermim; p;; this Is reasily done by operating '
-the wind tunnel without the jet amd téking the sound levels., This pressure
Tevel is then used in (BI1). | - |

The successful Lase-_of this method-depends ..UPOI-'i having a sufficient
number of reflection components im the cross~correlations so that the
integral approximation for the 'biﬁ‘!ér" o.rde_r terms (those called PoH.0. here)
is valid. In our work with the wind tunnel, we could not proc.ess the data
for a sufficient period .of time so that was the case. It is expected that

in other applications it would be & possi'bility. .
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"APPENDIX C. - SOUND SOURCE MEASUREMENTS IN

ANECHOIC CHAMBER AND WIND TUNNEL

In‘ordér to study the influencé of thé_?'xlO’ wind tunnel
reflectioﬁs surfaces on crosé—éorrelation,fuqctions initial, measurements
wére made using a sound source (Altec 802D driver). The measurements
weTe first made iﬁ an anechoic chamber and then repeated in the 7'x10"'
tunnel,

A test was used consisﬁing of a source with four far field
microPhﬁnes:in different directions. -In addiﬁion-a probe~type:microph9ne
‘was positioned gpproximatelyl ‘26.7‘cm from the source.: The.soﬁnd
gource wag driven by a white noise genefator.‘

Two basic experiments were conducted: one, the sound source in .
a vertical orientation, and two, the source slaﬁted toward one of thé
far fie;d microphones.. The slanting;was ihtended to give directional
effects."The outputs of the far field-micrdphones and the probe micro-
phones and the probe microphone were recorded.

Aufo correlations and cross-correlations of the recorded signals
were made. The main interesf-cgntered on the crOSS-coxrélationrbetweeﬁ
the prohe (near field) microphone signal and the various far field
microphones., In the anechoic chamber the normalized cross-correlations
between the probe microphone and the different far field microphones
varied between 0.82 and 0.89.

When the experiment was rerun in the 7'x10' wind tunnel a
Hsignificant degradation of the normalized cross—-correlation values
occurred, the values varying between 0.41 and 0;59.

Qur first cross—correlg;ion ideas, as described in Appendix B,
treated the normalized cross-correlgtion functioné.calculated for the

wind tumnel data in such a way that the results would épproximate a
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free field condition. As a step in calculating this fﬁmula, 1t was
necessary to measﬁre the directivity pattern of the sound source
(Altex 802D driver). This directivity pattern, measured in anechoic
chamber, is shown in Fig, 1-C.

Eﬁployi;g the data from the directivity pattern and usiﬁg an
average absorption coeffiéient 0.02 for the wind tunﬁel walls, a
ﬁumbér of cross;correlations made In the 7'x10' wind tunnel were
corrected. The results of thls correction process is shown in Table 1-C,
.where'the corrected values for the wind tunnel measurements are compare& :
to similar measurements madelin an anechoic-chaﬁber. The resqits show
good agreement for the two sets of measurements, exéept for the case of
ﬁicrophoné-#l when the source is canted. In this oriéntation the éource

points directly at the micfophone;

In addition to fhe cross~correlation meééurements, frequency
spectfa-of the far ‘field signals weré made for both the aneqhéic chamber
and wind tunnel tests. 'Fig. 2-C shows the_results of such ﬁeasurements.
For this particular plot the far field‘ﬁicrophone was located approximately
1.3 métef‘froﬁ the source and at an angle of 400 from the source éxis.

In fhe wind tunnel this microphone was located'in front of one of the side
walls., These spectra were made with a constant bandwidth of 50 Hz., As
expected, due to rgflections, the signal inside the tunnel shows high

amplitude and a larger number of irregularities.
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-APPENDIX D. MUFFLER FOR MODEL JET -

One of the preliminary testsrconducted during the caﬁrse of this
program was made to insure thaﬁ thé-sound'generated by the model jet was
true aerodynamic noise and not noise originating ig valves, etc.; upstream
from Eﬁe jet nozzle exit. This test consisted of replacing the 3.8 cm.
diameter jet mozzle with a 10.2 CM. diameter. pipe with all controls kept
-constant to approximate equal mass flow;

' Far fleld sound measurementsiwere recorded and analyzed for both
conditions. Fig. 1-D shows the spectra of the far field microphone
signals with the microphone located at an-angié of 300 and a distance of
1.5 m from the jet. The dominant peak in the vicinity of 1850'ﬂz, clearly
results from a noise mechanism 1ocated'upstreaﬁ from the jet exit (such as

“valve noise). The same peak was evident in a-spectrum made for a statie
pressure fluctuatifon probe inserted in the jet‘wéke.
| It was decided that an accustic muffler would be desiéﬁed and
built prior to any further testing., This ﬁuffler, shown iﬁ Fig. 2-D 1is
a reactlve - dissipative device with an.effective length of apprdximately
b 4 meters, It has an Input and output area ratio of 5.44. It includes
two right angle bends, lThe inner portion of the muffier'consists of a
perforated pipe with a 44.4% opening. This pipe is covéred with a'm--2
cm. . thick foam blanket. The fan@om.signal ahsorptionrfor this foam'is
shown 1n Fig. 3-D. o
| With this acoustic muffler inserted in the system, the above tést
was repeated. Fig. 4-D shows the result for the muffler; for 3.8 cm.
and 10.2cm dfameter jets. These curves show that the muffler provides
éonsideraﬁle attenuation for 900 Hz and ahove. As eﬁpected, dqe to the
dimensiong of the muffler thé attenuation below 600 Hz becomes small (but

of course is not needed).



The spectra for the far fieldfsqund for,the']o;z cm. -diameter
‘nozzle;with and without muffler arae shéwn in Fig. 5-D. Considerable
- -attenuation is evident, in particﬁlér at 1850 Hz. where the attenuation
is approximately 33 dB: the dimensions for the right angle bends were
chosen tﬁlgive maiimum attenﬁation for this frequency. |
" The spectra for the static pressure fluctuatfon and the far

field radiated sound for the 3.8 cm. diameté; jet running aﬁ Mach 0;63
~with and without the acoustic muffler are shown in Figs. 6-D and 7-D
‘respectively. For both cases the muffler has eliminated the peak at -
1850 Hz.

In addition to the narrow band spect:a, cross-cofrelations and
autocorrelations were made. In all cases the periodicity in the functions
which was present when similar measurements were made before the acoustic
muffler was installed, no longer apﬁeared. ‘The cross—correlations
between the pressure probe and the far‘field-microphones regembled those

functions measured In an anechoic chamber with the addition of reflected

pulses as expected.
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APPENDIX E.  PARALLEL JET

The main purpose of this portion of the study was to.use the results
as a reference for the inferpretation of the results of the perpendicular jet
 experiment. ' It was enticipeted'thét the parallel jet experiment would be an
;fntermediate step between a model jet in an anechdic-cﬁamber (about which much
information is available)]} and a model jef oriented normal to the fiow, in a
wind tuﬁnel.' Due to experimental probiems the resuits were not as helpful as
‘had been hoped.
E.1 Experiment

The parallel jet experiment employed a ﬁodei; jet aligned parallel to the
wind tunnel flow. A diagram of the test configuration is shown in Fig. 1-E.

The model was a circular jet with a 3.8 cm. diameter. _In order to insure
thaﬁ the ncise generated by fhis jet was aerodynamic noise (to eliminate up-
stream noise in the air supply) it was neeessafy'to design and insfa?l'a
dlSSlpatlve-reactlve muffler: wsth an effectlve length of h.4 meters ahead of
the jet exit. The design and the acoustic properties of this muffler are
descrfbedjin Appendix D of this report. The jet was positioned so that its
centerline coincided with the centerline of the wind tunnel. |

Two far field microphones were employed. These transducers were at -
positions 1.5 meters (40 jet diameters) from the jet exit at 30° and 500,
measured from the centerline. They were'aftached to the side wall of the
wind tunnel at the same height as the jet centerline and used 885K 1.3 em.
condenser microphones, with nose cones, as active elements. In addition a
pfessure pfobe (a 0.32 cm. microphone of the same type) was employed to

. ' ' . . - ; [
measure and record the static pressure fluctuations within the turbulent volume.

*Errors made, when measuring static pressures in this way, have been discussed

previouslyh'z For the most part such errors are not important here.



The coordinatE'system-defined for this pressure probe,rfor this experiment
is shown in Fig. 2-E. | . |
All harﬁware emplﬁyed inside the 7'x10' wind tunnel was designed and
constructed to minimize noise generation arisfng from fhe tunnel flow
interaction. | |
- The basié expefi@ént coﬁSigted of running the model jet at a Mach
number of 0.62~énd varying the WEnd'tunnel:conditions. Three different
conditions were used in the wind tunnel. They were: l
a. Stétic case--no flow--Q (dynahic bressure) = 0, resulting in a
velocity ratio of zero. |
b. Q =19, flow speed approxﬁmately'38.4 m/sec giving a velocity
‘ratio of 0.18. |
c. Q= 147, flow speed approximately 60.4 m/sec giving a velocity
rétio of 0.28. ' | | _
The velocity profiles at the }ét exit far both the Y énd Z axes for
Athe model'jef rhnning at Mach 0.62 with the wind tunhel'in a sfatic
_conditioni(no.flow) are shown in Fig. 3-E. These profiles show the typical .
"top hat'' characteristics, with good symmetry for both axes.
Qith the wind tunnel running with a § of 19 a velocity_pra}iie
along the Z axis, was made at X/D equal 3 and Y/D equal zero. This profile
and the exact profile for the wind tunnel in a static (Q=0) condition'are shown
in Fig. 4-E. The tunnel flow seems to have little effect on tﬁe velocity
profile except of course near the skirts where the velocity does not reach
zero as in the static case but rather approaches the velocity of the tunnel
flow. This perhaps surprising lack of effect internal to the jet is noteworthy.
The experiment consisted of recording the fluctuations at seven pressure
probe positions and at the two far field microphones, for test conditions

previously described.
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E.2 Anafzsis:

- The data analyses consisted of doing narrow band (50 Hz) frequency analyses
of the signals recorded)and calculating the cross-correlation functions for
the various probe positions and for the two far field microphpnes. A block
diagramlof'the electronic equiphent used in the data analysls is shown in
Fig;‘ﬁ of the report. |
E.2.1 Fréquency Analyses |

Narrow band (50 Hz) ffequency spectrums were made of the pressure signals.
‘The frequency spectrﬁms.for the far.field micfophoné'ﬁositién #2 are shown
in Fig. 5~E. For the tunne! running with a Q of 19 and of 47, the background
noise (tunnel noise) shows two dominant peaks, each with their first harmohigs.
The main péak'For Q equals 19 is located at approximately 750 Hz while thé
main peak for Q equals 47 has a frequency of approximately IZGD Hz. The
ratio between thesé two frequencies is 1.6 which tbrns out to bé the ratio -
of the tunnel velocities for the win&'tunnel'operating at a Q of 19 and 47.
Since these frequencies are much too high for tﬁe faﬁ noise generated by the
wind tunnel drive mechanism, it is bélievedkthat theﬁe peaks are generated
by some type of a whistle created by the flow interaction with some_artifact'
in the tunnel (e.g. hole; strut, etc.).

Tﬁe aerodynamic noise generated by the model jet is typically iO to
15 dB higher than the tunnel noise for Q equal 19,'except at the fundémenta]
peak which rises 10 db above the jet noise. For the tunnel running at a Q of
47, the difference is more like 2 or 3 dB with the peak frequency and its first
harmonic being about 15 dB above the jet noise. To sum up, for the higher
tunnel speed there is difficulty with tunnel noisé; correlation methods aré

needed (and are used).
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'E;Z,Z Cross-orrelation measurements -

“As deséribed.in the theory secﬁion of thfs report the raw cross-
-correlates .between the far fleld microphones and the static pressure probe,
at various positions, were measured. - The~(max}mum) measured cross-corre1atfoh,
times the square of the dzstance from the pressure probe to the far fleld
microphone, and lelded by the RMS value of the static pressure fluctuations
are plotted against the velocity ratlo (V /V ) in Fig. &E and 7. Such
a plot, see Section 2, shows the effect of tunne] speed variation upon
the sound radiated from the eddy ét the ﬁrobe position. The dB values are
referenced to an arbitrary number and are to be used to give relative
values for different positions or different speeds. It should be understood
that the curves are rough approximations since they are derlved from only
three po:nts (veioc:ty ratios of 0, 0.18, and 0.28). The error flags on
these curves are calculated from the noise seen on the cross-correlation
functions. Since a finite averaglng tame is employed in the calculation of
the cross-correlation functions there exists a noise fluctuation {see Section
2) which gives rise to an uncertainty in the true value; the Iéwer the
amplitude of the function the higher the uncertainty. This is especially
ﬁoticéable in the curves for.microphone #2 where the errors increase as
the background noise of the tunnel increases. |

-

From work done previously on a model jet in the anechoic chamber, the
eddies in the v&cinity of.the probe positfons, for the various curves shown
In these two figures,'are known to be strong noise radiators for smaller far
field angles (microphones #2). Ffor lafger far fielﬂ angles (microphéne #1)
the shear region is also é very actlve nois¢~fadiating region; Probes
were placed in the shear region but bﬁssibly due to a Targe mechanical-
vibration experienced by the probe, over a frequency region of 2200 to

3800 Hz) the data could not be analyzed. This noise, which appeared on all

the recordings for the parallel jet experiment, required the use of a band
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'?eject?filte} in the determination of the cross-correlation functions.
This significéntly contributed to the errors since it tended to reduce

‘the true value of the ﬁross-corre!ation function éspecia]ly for the higher
far field angles (microphone #1) where'the_sound field shows higher frequency
content thaf at ﬁhe Tower angles. Taking these tﬁo factors into consideratjon
-p]us,fﬁe fact that the tunnel noise is more impértant at microphdne #1,

as previously stated,Aif fs undertandable that the error flags are so large
for this position--even for a velocity ratio of zero. The large.errors_Fof
curves forlfa; field position #1 {in Fig. 6E and 7€) make interpretation
difficult. It is noted that in ?Ig.'&f the péobe;is ¥océted just off the
jet axis (Y/D = +0.3 and -O.IQJ, 5.5 diameter§ from the jet exit. These
- two positions are in the same-plane as the far field microphones and the
- jet centerline (X-Y Plane). _Fof Y/D equal -0.13 the sound generated at this
position and experienced at the far field position #ﬁ is reduced from 6 to
11 d8 (Timits of the error flags) when the velocity ratio goes from zero
to 0.18; As the velocity ratio is further increased the reductionhliésw
between 2 to 8 dB. Whether a min?mum actually occurs at VOQ/Vj equal 0.18
cannot be.accurately determined from thetcurve due to the relatively large
error flags and to fhe fact that only three velocity-ratio points were
measured. For Y/D equal + 0.3 the results are very similar to those just
described. For far field microphone position #1 no trend can be inferred
from the curves for the reasons just mentionedf

The top curves iIn Fig; 7E represent the results for the static pressure

ﬁpfobe located at X/D equal 5.5 and Z/D eﬁual -0.3: The probe is Iocated

in the X-Z plane. [Increasing the velocity.ratio from zero to 0.18 results
in a sound reduction of 2 to 5.5 dB at far fleld position #2. As the
velocity ratio is further incrgased the errors are too large to determine
the effect. Therefore, no definite trend can be stated whén the velocity

increases from 0.18 to 0.28, For far field position #1 no definite trend
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~can be bbser;ed for the reasons just mentioned in connection with Fig. 6-E
The lower curves in Fig. 7-Ewere éa!culated for the pressdre probe
located 6n—the-jet axis (centerline), 7.5 diameters from the jet exit.
For the far'field positioa #2, an increase in the velocity ratio from
zero to 0.18 results in a reduction from 2 to 6.5 dB. The effect of a.
further increase in the velocity ratio cannot be determined because of-

the error flags. Similar problems are met for position #1.



